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Abstract
The aim of the considerations below is to estimate the orders of magnitude for the production
of RNBs at GANIL with possible evolutions of the present accelerator complex within the next
decade. This study was requested by the \Conseil Scientique du GANIL". In this respect,
the time scale considered is intermediate between long range plans such as Eurisol, a R&D
programme that is just starting in a European collaboration, and the present SPIRAL facility,
that should enter in operation at the end of 2000. In this context we consider and compare
methods to produce ISOL beams by ssion and/or low energy spallation with the main goal { to
reach 10
14
ssions/s in the RNB production target. Such RNBs would complement the present
SPIRAL beams obtained by fragmentation of the projectile or the target, that are limited to
light elements if high intensities are required. The coupled LAHET+ MCNP+ CINDER code
system is used for simulations.






Together with an increase in the accelerator power available, the new RNB targets will have
to be designed to deal with high power densities. This is a problem of concern to a number
of RNB facility concepts currently under consideration in various laboratories worldwide. One
eective solution to this problem, as initially proposed by the Argonne National Laboratory
group [1], is to decouple the heat dissipation from the nuclide production and release to the ion
source. This can be achieved by the stopping primary beam in a converter target to produce an
intense ux of neutrons to irradiate a secondary production target located behind the rst one.
Here we consider and compare mainly two possibilities. One is the neutron induced ssion,
where the neutrons are produced in a converter from a primary proton or deuteron beam. The
second method is close to the one used at Cern-Isolde, where a high intensity proton beam hits
directly a ssionable target. The energies for the primary beams were limited to 50MeV for the
rst method, and to 200MeV for the second, compatible with the time scale we intend to cover
and without major modication of the GANIL accelerator complex.
All numerical calculations have been performed with a coupled LAHET+ MCNP+ CINDER
code system described in more detail in Refs. [2, 3, 4, 5].
The converter (C) method
Neutron yields: (d,xn) versus (p,xn)
Extensive use has already been made of fast neutrons produced by bombarding light nuclei
with deuterons or protons. As the choice of the targets between Li and Be, thermomechanical
properties aside, there seems to be little basis for a distinction. The forward neutron yields
are similar [6]. For very intense primary beams (1.0MW), cooling requirements indicate the
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Figure 1: Ratio of neutron yields from the d+Li reaction over the p+Li reaction as a function of
the total incident energy. The neutron yields are extrapolated from Ref. [6] and Refs. therein.
use of a liquid target, i.e. lithium (melting point 181
o
) rather than beryllium (melting point
1287
o

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































mixing occurs with the large volume of Li.
The studies in Ref. [9] show that the maximum temperature reached in the owing lithium
target can lead to lm instabilities due to fast bubble growth (boiling). This situation could
be avoided by providing the means to pressurize the owing lithium sheet in its vacuum envi-
ronment. Further investigation led to the idea of centrifugal force being the simplest approach
to providing the pressure gradient in the owing lithium [7]. If the liquid Li is ejected from its
nozzle at a velocity v, tangentially against a curved surface (see Fig. 2), then the pressure P in
(torr) at any point r will be





where  is the density of the liquid, r is the major radius at P (r) and R is the minor radius as
shown in Fig. 2. The target, then, will consist of a fast owing liquid Li lm, conned on three
sides, between two vertical side plates and a curved vacuum window which separates the machine
vacuum space from the experimental area. Due to the deuteron beam incident vertically on the
target the owing Li is "attached" to the back-side of the window simply by the gravitational
force in addition to the centrifugal force as discussed above.
The range of deuterons in the Li jet increases strongly with energy. Power density then
increases substantially with decreasing deuteron energy. The Li jet thickness must be tailored
to the deuteron's initial energy to maximize neutron ux, minimize Li ow rate, and ensure
complete stopping of the incident beam. The amount of Li mass evaporated must be minimized
to maintain vacuum integrity, reduce beam-vapor interaction, and minimize Li vapor deposition
on accelerator and other components of the system. Higher deuteron energies could be favoured
due to higher neutron yields. On the other hand, this would increase considerably the thickness
of the owing lithium, limiting its high performance (e.g. the range of 100MeV deuterons in
liquid Li is 10cm). One also should consider additional accelerator costs in the case of higher
incident beam energies.
Fig. 3 shows the energy deposition of 35MeV (1MW) deuteron beam in lithium. Varying the






















Figure 3: Beam power deposition of 35MeV deuterons (28.6mA) in liquid Li.
initial deuteron energy may be desirable to produce neutron spectra with dierent characteristics
for a wide range of applications. As it is discussed in more detail in [9], lower incident deuteron
energies deposit their energy near the front surface, causing higher surface temperature and
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consequently a higher Li vaporization mass. Therefore, higher incident deuteron energies are
favoured. In addition, the thickness of the liquid lithium has to be slightly thicker than the
actual stopping range of the deuterons in order to avoid the surface evaporation near the back
surface of the target. Here the beam deposition power will be at the maximum as shown in
Fig. 3.
At operating temperatures up to 400
o
C, stainless steel can be used for piping, valves, pumps,
etc. in the loop with very little corrosion. Estimated temperatures of the lithium in the catch
basin will not be higher than 300
o
C for liquid entering the target area at 200
o
C [7]. Further, the
resulting ow rate also ensures that the maximum temperature at the hottest point in the lm,
near the end of the range of the 35MeV deuterons at 1.45cm, does not exceed the saturated
temperature of the lithium at that point of the lm.
Based on the above discussion and the Refs. [7, 9], Table 1 lists the major Li target parame-




in the forward direction at the
Beam power/energy 1MW/35MeV
Beam dimension 3.82cm diameter
Beam area 11.46cm
2
Target cross section 2.0cm  12.0cm
Lithium ow rate 5.14l/s





Table 1: Target-converter parameters.
back side of the target-converter. We note that similar neutron uxes are presently available
only in the high ux nuclear reactors.
Finally, we add a few qualitative estimations concerning the liquid Li loop ow. With the
target cross section of 2cm12cm and 5.14l/s of the liquid Li required for a power dissipation
of 1MW, it will be necessary to circulate 18.5m
3
/h of liquid lithium with its target velocity
of 2.15m/s. The bulk temperature of the lithium being 300
o
C provides for a corrosion-free
system. As such, the system will follow standard liquid-metal technology without the need for
exotic materials. However, the "cleaning" of the Li lithium will be necessary due to its impurities
(e.g. nitrogen [10]) as well as due to the d+Li reaction products. The major concern will be







presented in Table 2. We estimate that nearly 50g of radioactive tritium gas will be produced
during the irradiation period of 90days (see Table 2 caption for irradiation conditions). On
the other hand, the major auxiliaries needed for a lithium cleanup system are well studied and
Cooling period 0s 1s 1min 1hour 1day 14days 30days 90days
H-3 (Ci) 501 501 501 501 500 499 498 494
He-6 (Ci) 11477 4860 0 0 0 0 0 0
Li-8 (Ci) 347 152 0 0 0 0 0 0
Be-7 (Ci) 4189 4189 4189 4168 4135 3491 2835 1299
Total (Ci) 16513 9701 4689 4687 4635 3991 3333 1793
Table 2: In-target activity of the pure
7
Li target-converter after 90days of irradiation (28.6mA
deuterons of 35MeV, i.e. 1MW).
can be fabricated (e.g. cold-trapping or hot-trapping units [10]) in order to remove lithium-
deuteride and lithium-tritide which will be formed. Further detailed and quantitative analysis
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of the problematics as above is certainly needed.
The isotope production targets
Let us assume that the main goal for the future RNB factory is to reach ssion rates of
the order of 10
14
ssions/s. To obtain this number with a similar neutron source as above





































Figure 4: Flowing lithium target-converter schematic (on the left) together with two possible
production target geometries (C1-cylinder and C2-cone on the right). D1 represents a simplied
production target (cylinder) based on the incident beam interacting directly with a ssionable
material. All elements are symmetric along the beam axis.
In order to reach the wanted number of ssions in this case, one must keep the similar mass
of the ssionable material. This leads to less compact geometry of the production target, i.e.
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its volume increases considerably. Below we will present a few comparable examples of such
target geometries to be used both with a target-converter (neutron source as above) as well as
a production target which interacts directly with the incident beam.
An example of the production target in its simplied geometry (cylinder) is presented in
Fig. 4-C1. Its length and radius have been adopted to the optimum ssion rates depending on
the neutron source performance. The Fig. 4-C2 shows a less compact geometry (cone) production
target with =2.5g/cm
3
. In both cases C1 and C2, 10
14
ssions/s will result in 3kW ssion
power deposited in the production target. We remind that in the case of the converter method,
the incident beam is decoupled from the production target, which now is heated only by "useful"
ssions.
The direct (D) method
In this particular case, when the incident beam hits the production target directly, it seems
dicult to go much above the 10kW limit power deposited in the target. The highest maximum
value was obtained (24kW) and tested thermally by heating for the RIST target [11]. In Fig. 4
(the lowest part) we present a compact uranium cylinder (D1) which, with a combination of an
incident deuteron beam, gives 10
14
ssions/s and at the same time does not cross the "limiting"
deposition of the beam power 20kW.
We limit our estimations to the maximum 200MeV energy due to the following reasons:
a) higher incident energies would require thicker production targets due to increased stopping
ranges of the projectiles; b) ssion cross sections both for protons and deuterons saturate for
energies higher than 100MeV [12]; c) the cross section for certain ssion yields (e.g. Ba, Zr,
Ag) reaches its maximum around 200MeV [13], d) 100MeV per nucleon is still compatible with
present GANIL accelerator complex.
Comparison of the C- and D-methods
Tables 3 and 4 summarize the main beam and target characteristics for both converter and
Scenario Particle Energy Min. primary beam In target Target type
type power (current) power (material)
S1 d 35MeV 196kW (5.6mA) 3.2kW C1 (liquid
238
U)
S2 p 35MeV 525kW (15mA) 3.2kW C1 (liquid
238
U)
S3 d 35MeV 560kW (16mA) 3.2kW C2 (solid UC
x
)
S4 d 200MeV 13.8kW (69A) 17.0kW D1 (liquid
238
U)
S5 p 200MeV 13kW (65A) 16.2kW D2 (liquid
238
U)
S6 p 100MeV 24.5kW (245A) 27.7kW D1 (liquid
238
U)
Table 3: Dierent projectile/target combinations to produce intensive RNB by the s-
sion/spallation of heavy targets. In all cases 110
14
ssions/s are expected. For dierent target
types see Table 4.
direct methods. We have also included protons in addition to deuterons as incident particles to
have a quantitative comparison of the performance of both projectiles. If all the suggested cases










C1 18.0 169 3055 cylinder (r=3cm, l=6cm)
C2 2.5 2055 3055 cone (r1=3cm, r2=10.5cm, l=13cm)
D1 18.0 21 382 cylinder (r=1.5cm, l=3cm)
D2 18.0 35 636 cylinder (r=1.5cm, l=5cm)
Table 4: Dierent target types for the production of RNB by the ssion/spallation reactions.
See Table 3 for details. Note: C - with Converter, D - without converter (Direct).
At low energies (35MeV) in the case of C-method, deuterons (Scenario 1) will need 3
times lower beam intensities than protons (Scenario 2). At this point we remind our discussion
on neutron yields at forward direction. The use of UCx production target even with deuterons
(Scenario 3) will need higher beam intensities due to neutron characteristics inside the production
target: carbon is known as an ecient moderator of neutrons. An interesting possibility in the
case of D-method would be to use 200MeV deuterons (Scenario 4) or protons (Scenario 5)
at much lower incident beam power (15 times) if compared to the C-method. In this case
deuterons are favoured since less uranium is needed to obtain the same number of ssions
(compare D1 and D2 in Table 4). In our opinion, the question if 20kW beam deposition power
on the production target can be handled still remains open. Finally, protons of 100MeV already
cross this limit (Scenario 6).
Fission yields
The in-target ssion yields are presented in Table 5 for some isotopes and correspond to
10
14
ssions/s in all 3 the most attractive scenarios (S1, S3 and S4 as above). One has to keep
in mind, that these are in-target ssions, i.e. ssion products still have to leave the production
target in order to be really "useful".
It is clear that dierent ssion fragments resulting from dierent target geometries will have
dierent diusion-eusion properties. Here we have considered the possibility to have solid UC
x
and liquid U targets. The advantage of a liquid target, compared with a solid one, is its density.
It is well known that liquid materials have better diusion coecients than solid ones, but the
material to be transversed is usually larger in the rst case. This gives an overall eciency
of diusion which is usually the best for very porous solid targets. In order to favour the fast
diusion in a liquid target, one could promote a fast convection of the medium. We have not
reached yet the nal agreement on the projected overall eciency (i.e. release * delay * ion-
source eciency). Therefore, the numbers in Table 5 have to be corrected accordingly for the




ssions/s the total activity of about 14kCi is expected. Various parts of the
installation will become highly radioactive. Hence, the management of this radioactivity is an
important element in the design of the instrument. High radioactivity due to the noble gases




liquid U (S1) UCx (S3) liquid U (S4)









































































































Table 5: Estimate of projected in-target ssion yields. The ssion fragment intensities are
normalized to a primary beam intensity which corresponds to 10
14
ssions/s in the production
target. See Tables 3 and 4 for details concerning the production targets for dierent scenarios.
places which are easy to shield or at some cooling places where the radioactivity will decay after
irradiation. The aim of this report is beyond a detailed analysis of these activities and dose
rates. Table 6 gives only the maximum activity of the source after 90days of the irradiation (see
the case with a target type C2 from Tables 3-4). It is clear that this source will still be highly
Cooling period 0s 1s 1min 1hour 1day 14days 30days 90days
Activity (kCi) 13.6 12.6 8.3 4.5 2.5 0.8 0.5 0.2
Table 6: In-target activity of the UCx (case C2) ion source after 90days of irradiation by the
use of a lithium converter interacting with 16mA deuterons of 35MeV.
radioactive even after 90days of cooling. Consequently a remote control system will be needed to
dismount a used source, and to mount its replacement. We note separately that similar numbers
were estimated in the case of PIAFE [14] project where 10
14
ssions/s were expected in the
reactor driven RNB facility.
Towards the proton dripline
In order to produce nuclei on the proton-rich side of the mass valley, other reactions than
nuclear ssion should be explored. For example, having the accelerator facility with energies up
to 100MeV per nucleon (compatible with present GANIL accelerator complex), the proton rich
nuclei could be eciently produced with alpha induced reactions. The following reactions as
+Nb, +La, +Ta and +Th would explore nearly entire proton dripline in the mass range
of A=60-230, where the data are sparse, and almost non-existent beyond A=84.
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In Fig. 5 we present the isotopes produced in one of the reactions as above, namely +Ta
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Figure 5: Isotopic distributions of the in-target production of proton rich isotopes from the
(400MeV)+Ta (1cm thick) reaction. Only proton rich side of the reaction products is shown.
The yields are normalized per incident alpha particle.
at E

=400MeV. Here only isotopes on the proton-rich side are shown. Similarly, by the use of
the targets with lower atomic numbers, the proton dripline could be searched in the lower mass
region. More detailed and systematic calculations of the production of proton-rich nuclei would
be very useful in this respect.
Conclusions
The results we presented show that very high ssions yields may be obtained. The most e-
cient solution depends strongly on the target-ion source technology, and the extreme intensities
wanted. Somewhat schematically one can resume the following: for massive targets (3 kg) the
neutron induced ssion from a converter can provide the best results. To achieve 10
14
ssions/s,
a primary beam intensity of 196kW and 525kW for deuterons and protons of 35MeV respectively
is necessary. The total power dissipated in the target would be 3kW. It is clear that in this
case a dedicated high intensity accelerator has to be built.
For smaller target masses (0.4 kg), a direct proton or deuteron beam is more ecient.
With a deuteron beam of 200MeV and only 14kW, 10
14
ssions/s could be reached. The total
power dissipated in the target would be about 17kW. Increase of the target mass would add a
signicant amount of secondary ssions induced by fast and also secondary neutrons.
We note that the converter method may reach the highest nal intensities if big target
masses-volumes may be handled. For example, 7.510
14
ssions/s can be obtained employing
the deuteron beam of 1.6MW at 35MeV resulting in 24kW ssion power deposition (perhaps
being the limit) in the target. The direct bombardment by a beam of protons or deuterons would
provide similar yields with smaller target masses-volumes. However, already 110
14
ssions/s
being very close to the allowable heat deposition due to the primary beam and ssions all
together (17kW). On the other hand, in this case other heavy target materials than U could
be used (e.g. Nb, La, Ta, Th). So this method provides a higher versatility than the converter
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method. In addition, the direct bombardment of these targets by a beam of alpha particles
would lead to the production of proton-rich nuclei in the region where the nuclear data are
sparce or non-existent at all.
A very promising technical aspect in the case of liquid targets could be the use of beams
incident vertically on the target. This would avoid to the very hostile combined conditions of a
high intensity beam on a window separating the vacuum and a high temperature liquid. A ver-
tical beam could create a very high temperature inside the liquid, with moderate temperatures
of the container walls. This together with convection currents should favour fast and ecient
eusion. But the space around the target must be conned so as to guide the ssion products
towards the ion source and also because of the extreme chemical aggressiveness of molten ura-
nium, so that there will always be some material between the incident beam and the surface of
the liquid target. More detailed calculations and some exploratory experiments are necessary in
this domain. Finally we add that the radioactivity problems will be crucial in the construction
of such a radioactive beam facility.
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